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The magnetic anisotropy in MgO-capped MnPt films and its voltage control are studied using first-principles
calculations. Sharp variation of the magnetic anisotropy with film thickness, especially in the Pt-terminated film,
suggests that it may be widely tuned by adjusting the film thickness. In thick films the linear voltage control
coefficient is 0.17 and −0.07 pJ/Vm for Pt-terminated and Mn-terminated interfaces, respectively, which is
comparable to the Fe|MgO interface. The combination of a widely tunable magnetic anisotropy energy and a
sizeable voltage-control coefficient suggest that MgO-capped MnPt films can serve as a versatile platform for
magnetic memory and antiferromagnonic applications.
Interfacial magnetic anisotropy can be tuned by applying
an electric field through an electrolyte [1] or, more practically,
across a tunnel junction [2–4]. This technique, called voltage-
controlled magnetic anisotropy (VCMA), can be used to facil-
itate switching in memory devices [5–9], control the motion of
domain walls [10, 11], and excite and manipulate spin waves
in magnonic devices [12–22].
The vast majority of VCMA studies have focused on fer-
romagnetic materials. However, there is a lot of interest in
incorporating antiferromagnets (AFM) in spintronic devices
[23–25], harnessing their ultrafast dynamics and insensitivity
to magnetic fields for improved switching speed and scalabil-
ity. Piezoelectric strain control has emerged as an important
way to tune the properties of an AFM material in a device
[26–28], but interfacial VCMA based on electrostatic screen-
ing can also serve as a tuning mechanism in devices utilizing
metallic AFM materials [27, 29–31] and even enable coherent
AFM domain switching by picosecond voltage pulses [32].
It is natural to look for AFM materials with relatively small
and tunable bulk magnetic anisotropy energy (MAE), which
would allow the MAE of a thin film to be engineered to the
desired range. One such material is L10-ordered tetragonal
MnPt, which can be tuned across spin reorientation transitions
(between easy-axis and easy-plane) by off-stoichiometry, tem-
perature variation, and epitaxial strain [33–36]. It has been
shown that MnPt pillars can be reversibly switched between
different magnetic states by electric currents [37], and it is
compatible with silicon technology [38]. In this paper, we
study MAE and VCMA in MgO|MnPt|MgO films in a wide
range of MnPt thicknesses, with both Mn- and Pt-terminated
interfaces. Based on our results, we propose that the film with
a Pt-terminated MnPt|MgO interface can serve as a versatile,
tunable platform for antiferromagnonic applications.
We consider L10-MnPt films capped by 3 monolayers (ML)
of MgO on each side in a periodic setup with 2 nm of vacuum
separating the two MgO layers. The MnPt|MgO interfaces are
either both Pt-terminated or both Mn-terminated. This struc-
tural setup is shown in Fig. 1. We impose the bulk mag-
netic structure of MnPt, with staggered magnetic moments in
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the (001) planes and ferromagnetic spin alignment along the
[001] axis. The structure is optimized using the projector-
augmented wave (PAW) method [39] implemented in the Vi-
enna Ab Initio Simulation Package (VASP) [40]. The experi-
mental [33] bulk value of 4.00 Å is used for the in-plane lattice
constant and kept fixed in all calculations. For films with up to
19 ML of MnPt, the atomic coordinates along the out-of-plane
axis are relaxed at zero electric field until the forces are less
than 1 meV/Å; the in-plane coordinates are fixed by symme-
try. Thicker films are obtained by inserting additional MnPt
layers in the middle with the bulk interlayer spacing.
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FIG. 1. Computational setup for (a) Mn-terminated or (b) Pt-
terminated MnPt films capped with MgO.
Magnetic anisotropy calculations were carried out using the
OpenMX code with a pseudo-atomic orbital basis [41–43],
using the generalized gradient approximation (GGA) [44] for
exchange and correlation. The charge and spin densities were
obtained using a self-consistent calculation without spin-orbit
coupling (SOC) and kept fixed in subsequent MAE calcula-
tions. At zero field, the MAE of a film was determined as the
difference in the total band energy for the configurations with
the magnetization aligned in-plane and out-of-plane.
The electric field was introduced by inserting an elec-
trostatic dipole layer in the middle of the vacuum layer.
This setup makes the electric field point outward on one
MgO/MnPt interface and inward on the other, and the linear
effect of the field on the total MAE of the film is zero. There-
fore, the analysis of VCMA requires the contributions of the
two interfaces to be separated. To this end, we calculate the
site-resolved grand canonical potentialΩi = Ei−EFNi, where
Ei and Ni are the site-resolved band energy and Mullikan pop-
ar
X
iv
:2
00
8.
03
24
9v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 7 
Au
g 2
02
0
2ulation [45]:
Ei = Tr∑
j
ρˆi jHˆ ji, (1)
Ni = Tr∑
j
Sˆi jρˆ ji. (2)
Here i, j are site indices, ρˆi j is density matrix, Hˆi j the Kohn-
Sham Hamiltonian in the real-space representation, and Sˆi j
the overlap matrix; the trace is taken over spin and orbital in-
dices. The site-resolved MAE can then be found as the differ-
ence between the site-resolved grand potentials corresponding
to the in-plane and out-of-plane orientations of the magnetic
moments: Ki = Ωi(‖)−Ωi(⊥). This is done as a function of
the electric field, and the anisotropy of one interface Kint is
found by summing up Ki for the sites that are closer to the
given interface than the other. Note that Eqs. (1)-(2) partition
off-diagonal terms equally between the two sites, which is not
invariant under a unitary transformation. However, because
the Hamiltonian is short-ranged in the OpenMX basis set, this
ambiguity is immaterial as long as the MnPt layer is not too
thin.
Figure 2 shows the total MAE K of MgO-capped MnPt
films as a function of MnPt thickness d at zero electric field.
Three types of films are considered: (a) both interfaces ter-
minated by Mn, (b) both interfaces terminated by Pt, and (c)
one interface of each kind. As the thickness of the film is in-
creased, the K(d) dependence should eventually approach a
straight line with a slope equal to the bulk MAE. We see that
this asymptotic behavior is only observed in rather thick films,
especially if the interfaces are Pt-terminated. The asymptotic
slope is close to zero, because the bulk MAE in stoichiomet-
ric MnPt is very small [33, 35]. Slowly decaying oscillations
persist up to the largest thicknesses and are likely due to quan-
tum size effects [46–48]. These oscillations may be damped
by interface roughness and disorder in an actual sample. As
it should, the MAE of a film with one interface of each kind
(black line in Fig. 2) asymptotically approaches the average
of the films with both interfaces terminated by Pt or Mn, but
this also happens at rather large thicknesses.
The y-intercept of the asymptotic K(d) dependence is the
effective interfacial MAE of a thick film. This interfacial
MAE appears to be small for Mn-terminated films, but it is
large and negative for Pt-terminated films. Small MAE in bulk
stoichiometric MnPt is a result of a cancellation of large con-
tributions of opposite sign [36]. The large interfacial MAE
in Pt-terminated films suggests that this delicate cancellation
is broken at this interface, while it is preserved at the Mn-
terminated interface.
For thicknesses up to 10-15 ML, Fig. 2 shows sharp varia-
tions of MAE. In this region, the two interfaces strongly inter-
act, and it makes no sense to talk about separate bulk and in-
terfacial contributions. In Mn-terminated films, MAE shows
large oscillations, which appear to have the same character
as the decaying oscillations at larger thicknesses. However,
in Pt-terminated films the MAE declines monotonically from
about 4 to −3 mJ/m2 as the MnPt thickness increases from 5
to 15 ML. To understand this decline, we compare the partial
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FIG. 2. Thickness dependence of the total MAE of MgO-capped
MnPt films with two Mn-terminated interfaces (blue circles), two Pt-
terminated (red squares), or one interface of each kind (black trian-
gles). Inset: MAE of the 7-ML-thick Pt-terminated film as a function
of the Fermi energy (rigid-band calculation).
density of states (DOS) on the four MLs of MnPt near the Pt-
terminated interface for films with 7, 15 and 23 ML or MnPt.
As seen in Fig. 3, there is a notable downward shift of about
0.2 eV, between 7 and 15 ML, in the position of the DOS peak
right below the Fermi energy. It is well known that the MAE
of a metallic system tends to be sensitive to the occupation of
the electronic states near the Fermi energy. The inset in Fig.
2 shows the MAE in a 7-ML Pt-terminated film as a function
of the Fermi level, calculated in the rigid-band approximation.
Raising the Fermi level by 0.2 eV, which corresponds to the
band shift between 7 and 15-ML films, reduces the MAE from
3 to -1 mJ/m2. This is similar to the decline observed in the
thickness dependence seen in Fig. 2.
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FIG. 3. Comparison of the contributions from the first four layers to
total DOS among the Pt-terminated films of thicknesses 7, 15 and 23
ML. The dashed line indicates the Fermi level.
Now we turn to VCMA. It is customary to define this re-
sponse with respect to the electric field inside the insulator,
which is directly related to gate voltage. Within macroscopic
electromagnetism, the field EMgO in MgO in our computa-
tional setup is reduced by the relative dielectric permittivity
3εr compared to the field Evac in the vacuum layer. The value
of εr is not well described in the calculations due to the in-
accuracies of the density-functional theory and the exclusion
of field-induced ionic displacements. On the other hand, it is
reasonable to expect that VCMA is largely controlled by the
density of the screening charge accumulated at the interface
[2], which is related to the electric induction in MgO. The lat-
ter is equal to ε0Evac and does not depend on εr. Therefore,
following Ref. 49, we estimate the electric field in the MgO
layer as EMgO = Evac/εr, where εr = 9.5 is the experimental
value for MgO. The linear VCMA coefficient is then defined
as β = εrdKint/dEvac, where Kint is the anisotropy of one in-
terface obtained as explained after Eqs. (1)-(2).
The exterior normal to the metallic surface was taken as the
positive direction of the electric field. Rather dense k-point
meshes were needed to converge the linear VCMA coefficient
β : 65× 65 for Pt-terminated and 35× 35 for Mn-terminated
films, respectively.
Figure 4 shows the change in the site-resolved MAE (∆Ki)
induced in 19-ML MgO-capped MnPt films by Evac = 1.0
V/nm. The response in the Pt-terminated film is notably non-
linear in this strong field, which is reflected in deviations from
antisymmetry with respect to the middle of the film. We also
see that the response has opposite signs for the two interface
terminations. The induced anisotropy ∆Ki is localized within
3 or 4 layers of metal near the interface, which include, for
both terminations, two Mn layers closest to the surface and
the intervening Pt layers. The MgO layer near the interface
also contributes to VCMA. As noted above, the assignment
of MAE to atomic sites has an inherent ambiguity on the short
length scales corresponding to the range of the atomic orbitals.
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FIG. 4. Change in the site-resolved MAE induced by Evac = 1.0
V/nm in 19-ML films with two types of interface termination.
Figure 5(a) shows the change in the induced interfacial
MAE ∆Kint as a function of the estimated electric field in MgO
for 15-ML Mn-terminated and 23-ML Pt-terminated films,
and the linear VCMA coefficient β is plotted in Fig. 5(b) as a
function of the film thickness. The large thicknesses in panel
(a) were chosen so that the β coefficient has approached its
asymptotic value for the given interface termination.
The β coefficient at the Pt-terminated MnPt/MgO interface
(0.17 pJ/Vm in thick films) is similar to the ab initio results for
the Fe/MgO interface [49, 50]. Mn-terminated interfaces have
a smaller β of an opposite sign (−0.06 pJ/Vm in thick films).
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(c)FIG. 5. (a) Induced interfacial anisotropy ∆Kint as a function of the
estimated electric field EMgO for 15-ML-thick Mn-terminated and
23-ML-thick Pt-terminated films. (b) Linear VCMA coefficient β as
a function of MnPt thickness.
Larger VCMA for the Pt-terminated surface, compared to Mn-
terminated, was also found theoretically and experimentally
for FePt [51, 52].
Our results suggest that a thin MgO-capped MnPt film can
serve as a versatile platform for antiferromagnonic applica-
tions. Both Pt-terminated and Mn-terminated MnPt/MgO in-
terfaces are predicted to have a sizeable linear VCMA coef-
ficient (0.05–0.15 pJ/Vm) comparable to the ferromagnetic
Fe/MgO interface. A Pt-terminated film appears to be par-
ticularly attractive due to its sharp monotonic decline in the
total MAE as a function of thickness, from nearly 4 mJ/m2 to
nearly−4 mJ/m2, in the range between 5 and 15 ML (see Fig.
2). This property may help tune the MAE of the Pt-terminated
film to any desired value in this range by adjusting its thick-
ness. Fig. 2 suggests that such tuning may be possible even
if the termination of the film is not strictly controlled. On
the other hand, the MnPt compound has a high Néel temper-
ature of almost 1000 K [33], which is favorable for applica-
tions. Large sensitivity of the bulk MAE in MnPt to non-
stoichiometry, temperature, and strain [33–36] provides addi-
tional options for tuning the MAE of a film for optimal de-
vice performance. Voltage control of anisotropy through local
gates can be used to implement spin wave generation, logic,
and detection by analogy with ferromagnets [19–22], and it
may also enable ultrafast switching of AFM order for mem-
ory applications [32].
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